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Parametric investigations of a nonconventional Hall thruster *
Y. Raitses† and N. J. Fisch
Princeton Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543

~Received 1 November 2000; accepted 22 January 2001!

Hall thrusters might better scale to low power with nonconventional geometry. A 9 cm cylindrical,
ceramic-channel, Hall thruster with a cusp-type magnetic field distribution has been investigated. It
exhibits discharge characteristics similar to conventional coaxial Hall thrusters, but does not expose
as much channel surface. Significantly, its operation is not accompanied by large amplitude
discharge low frequency oscillations. ©2001 American Institute of Physics.
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I. INTRODUCTION

In a conventional Hall thruster, axial electric and rad
magnetic fields are applied in an annular channel. The m
netic field is large enough to magnetize the electrons,
small enough to leave the ion motion in the channel alm
not affected. The magnetic field lines form equipotential s
faces. Electrons experienceE3B flow in the azimuthal di-
rection. The thrust is generated in reaction to the electros
acceleration of ions. The ions are accelerated in a quasi
tral plasma, so there is no space charge limitation on cur
and thrust densities.

The ion production can be sustained by a separate
ization source or by impact ionization of propellant atom
injected directly into the channel. For a single-stage conv
tional Hall thruster, the electrons can gain thermal ene
sufficient for ionization by diffusing towards the anode. A
quiring a relatively high electron temperature~10–20 eV!,
they can also escape along the magnetic field lines.1 The use
of concave magnetic field lines might reduce this defocus
effect on the ion flux.1,2 Indeed, mostly through optimizatio
of the magnetic field profile, state-of-the-art Hall thruste
now operate with efficiencies~the ratio of the jet power to
the input electric power! 50–60 % and thrust densities larg
than space-charge-limited ion engines.1–3

Larger thrust density leads to a more compact and ligh
thruster. At a given ion jet velocity, the thrust is main
determined by the propellant flow. This flow is almost co
pletely ionized in the Hall thruster channel. Since the m
mentum is carried by electron currentJu3Br , but Ju

5“3Br /m, a theoretical limitation for the thrust density o
Hall thrusters is roughly equal to the magnetic pressu
Bm

2 /2m.4 Here,Bm is the maximum magnetic field applied i
the channel. For current Hall thrusters, operating in
power range of 0.5–10 kW withBm;0.01– 0.03 T, the
thrust density is about 20–50 N/m2, compared to the theo
retical limit of about 100–400 N/m2. Both electron collisions
and scattering on oscillations, might produce electron cur
losses and large beam divergence. Higher power thrus
~.0.5 kW! generally maintain the ratio of the gas flow ra

*Paper BI2 1, Bull. Am. Phys. Soc.45, 19 ~2000!.
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to the channel cross sectional area~atomic density!.3 The
Hall parameter is then also constant, so that with the sa
magnetic fields, the thrust density should remain about c
stant at a given discharge voltage.

However, in scaling to low power thrusters, a simp
linear scaling of the overall thruster dimensions leads to
tentially higher thrust density than the above scaling
proach. To preserve the Hall parameter, the magnetic fie
then inversely proportional to the thruster dimensions,
creasing the theoretical limit for the thrust density for sm
thrusters. This linear scaling approach was taken for H
thrusters designed for 50–200 W power levels.5 However,
lower efficiencies~6% at 100–200 W! were obtained with
low power Hall thrusters. The low efficiency might aris
from a large axial electron current, enhanced by elect
collisions with the channel walls. These results raise dou
about the usefulness of simply miniaturizing the conve
tional Hall thruster.

Consider instead a cylindrical Hall thruster configurati
with a cusp-type magnetic field distribution. The ratio
surface area to volume is reduced, and so might be the
enhancement of the electron transport and ion losses. It is
object of this paper to examine the attractiveness of this
proach.

The paper is organized as follows: In Sec. II we pres
the scaling arguments for the conventional annular H
thruster that motivate a new approach at low power. In S
III the cylindrical approach to Hall thrusters is describe
The present study was facilitated with a laboratory cylind
cal thruster of relatively large sizes suitable for a kilow
power level. In Sec. IV we review the issues in the k
diagnostics for Hall thrusters. Section V briefly describes
experimental procedure. Use of a relatively large laborat
thruster and fast movable emissive probe enabled to mea
plasma potential profiles with almost no probe induced p
turbations in the cylindrical channel. The key experimen
results obtained with a cylindrical geometry thruster are
scribed in Sec. VI. In addition to local plasma paramete
the results include integral characteristics as well as the
fect of the magnetic field distribution on the thruster ope
tion and its stability. In addition, they are compared to
coaxial Hall thruster of similar sizes with state-of-the-art p
formance. In Sec. VII we summarize our main conclusion
9 © 2001 American Institute of Physics
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II. LOW POWER SCALING OF ANNULAR HALL
THRUSTERS

In scaling the conventional to low power levels, assu
constant thruster efficiency. The Hall thruster efficiency c
be set as

hT5T2/2ṁPe'
I iM i

eṁ

I i

I d

Vacl

Vd
,

where I 1 is the ion current with kinetic energyeVacl ; T
;I 1(Vacl)

1/2 is the thrust,ṁ is the mass flow rate,Pe

5I dVd is the input power; andI d andVd are the discharge
current and discharge voltage, respectively.6 The first ratio,
hP5I eM i /eṁ, whereMi is the ion mass, is called prope
lant utilization. It reflects ion production and ion losses in t
channel. The current utilization,h i5I i /I d is limited by the
axial electron current,Jez, across the magnetic field, sinc
I d5I i1I ez. The third ratio is the fraction of the energy in
vested directly to the ion acceleration.

In an efficient thruster, the electron current is mu
smaller than the ion current at the thruster exit. The in
power is then determined by the mass flow ratePe}ṁVd .
Hence, low power operation of the Hall thruster with a giv
jet velocity can be achieved simply by reducing the flow r
of the propellant gas. But such a reduction can affect b
the propellant and current utilization.7

A simplified equation of the ion flux can give roug
scaling relations. We write the ion steady state flux as

]Ji

]z
5enana /l ion2~12g!^Jer&/b, ~1!

wherene is the atomic densities,g is the secondary electro
emission yield of the channel wall material,l ion is the ion-
ization mean free path, andb is the channel height. The firs
term represents impact ionization along the channel prod
ing ions at the gas velocity,na . The second term balance
the radial loss of ions to the wall to the loss of electrons
wall, to keep the dielectric wall from charging. It can b
approximated asaJi /b, wherea is the ratio of the radial and
axial ion velocities along the channel. Using Eq.~1! together
with mass conservation and current continuity equations,
radial diffusion term in~1!, and assuming for simplicity al
coefficients, we obtain propellant utilization7 and current uti-
lization coefficients

hp'
1

11
al ion

b

H 12expF2LS a

b
1

1

l ion
D G J ,

~2!

h I'
1

11
aleff

b

H 12expF2LS a

b
1

1

leff
D G J ,

where leff'Vdnt /veBLnion is an effective length associate
with the acceleration region, whereve is the electron cyclo-
tron frequency andn ion is the frequency of ionizing colli-
sions.

Assuming that the radial component of the ion veloc
arises from the radial electron pressure gradient, the rati
the radial electric field to the axial electric field is propo
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tional to b/L. Thus, ions leaving the channel without hittin
the walls then havea,b/L. According Ref. 1, l ion

}ṁ22L21. Then, assuming we want to preserve the ioni
tion probability in the channel, which meansl ion /L
}1/(ṁL)2;constant, the propellant utilization is unchang
if b/L;constant. Similarly, current utilization is left un
changed if the magnetic field scales asB;1/L51/b. In this
case, the scaling of the overall thruster geometry, plas
and thruster integral parameters is linear.

Of course, there are many physical effects that will
terfere with this simple scaling. Note, that equations~2! do
not exhibit the effects of optimizations, such as details of
magnetic field profile. In fact, because of collisionle
plasma instabilities, the optimum magnetic field apparen
has a minimum near the anode and maximum at the exit1,2,8

The effective acceleration region is then smaller than
total channel length. To preserve these optimal profiles
small Hall thrusters is, however, technically challenging.2,10

The magnetic circuit, comprising a low carbon core a
electromagnetic coils, produces the magnetic field in H
thrusters. Even in large Hall thrusters, certain narrow part
the circuit are near saturation~'15 kG!.10 Apparently, a lin-
ear scaling down of the magnetic circuit leaves almost
room for the use of magnetic screens and thin magn
poles, or for heat shields, making difficult the achievemen
the optimal magnetic field profiles.5,10 Yet nonoptimal mag-
netic fields will result in enhanced power and ion loss
heating and erosion of thruster parts, particularly the criti
inner parts of the coaxial channel and magnetic circuit. Th
the main obstacle in making a miniaturized conventio
thruster is making a practical magnetic circuit.

Miniaturization is made easier by eliminating th
thruster inner parts, which is an approach taken in the e
Hall thruster,9,11and in a linear Hall-type thruster.12 The end-
Hall thruster preserves closed electron drifts, while in t
linear thruster, electron trajectories are closed on cera
walls. However, all these attempts at miniaturization exh
ited significant electron transport across the magnetic fi
just as does the conventional small Hall thruster.

III. CYLINDRICAL HALL THRUSTER

The approach we take, what we call a cylindrical H
thruster, is illustrated in Fig. 1. The thruster consists of c
lindrical ceramic channel, ring-shaped anode, which can a
be a gas distributor, the magnetic core and magneti
sources. The magnetic field lines intersect the ceramic ch
nel walls. The electron drifts are closed, with the magne
field lines forming equipotential surfaces, withE52ve

3B. The radial component of the magnetic field cross
with the azimuthal electron current produces the thrust.

Two magnetized sources, electromagnetic coils with
posite currents, can produce a cusp-type magnetic field in
channel, with a strong radial component. Here, the gas i
is off-axis to decouple it from the anode and cathode pot
tial surfaces. To maintain ionizing collisions, both the ano
and gas inlet are placed in the short coaxial part of the ch
nel. The length of the coaxial channel is selected so tha
minimize l ion /L and thus, to localize the ionization of th
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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2581Phys. Plasmas, Vol. 8, No. 5, May 2001 Parametric investigations of a nonconventional Hall thruster
working gas at the boundary of coaxial and cylindrical
gions. In this case, the most of voltage drop occurs in
cylindrical region with a largerb/L ratio. This should pro-
duce high propellant and current utilization efficiencies@see
Eq. ~2!#.

What distinguishes this thruster from conventional an
lar and end-Hall thrusters is the cylindrical configurati
with an enhanced radial component of the magnetic fie
Also, the use of ceramic walls reduces the defocusing ef
of the electron pressure. All the advantages of closed e
tron trajectories are retained.

A 9 cm laboratory cylindrical Hall thruster is shown i
Fig. 2. The thruster channel is made from a boron nitr
ceramic. The total channel length taken from the anode to
thruster exit is 4 cm with the coaxial part of 1 cm long. T
anode serves also as a gas distributor. A commercial H
Wave plasma source is used as a cathode neutralizer.
magnetic circuit consists of two coils connected to sepa
power supplies of opposite polarity. Figures 3 and 4 sh
the results of magnetic field simulations and measured
file of the magnetic field. The maximum of the radial ma
netic field is somewhere near the boundary of the coaxial
cylindrical parts of the channel. However, near the inn

FIG. 1. Principle of operation of the cylindrical Hall thruster.

FIG. 2. A 9 cm laboratory cylindrical Hall thruster.
Downloaded 17 Jan 2006 to 192.55.106.171. Redistribution subject to AIP
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wall, there are two maximums of the magnetic field affect
by the opposite direction of the currents in the coils and
of a small inner pole~Figs. 3 and 4!. In principle, the mov-
able anode can be placed at the edge of the coaxial regio
construct a purely cylindrical channel. However, azimuth
waves may be unstable for](B/n)]z,0.1

Note that the axial component of the magnetic field
the cylindrical thruster, near the center line, in particul
should create an electric field distribution similar to som
sort of a virtual hollow anode, impeding the ions from reac
ing the walls. Similar to Refs. 13–15 with coaxial thruste
the use of segmented electrodes may be useful to contro
electric field in this particular region of the cylindrica
thruster as well.

The thruster experiments took place in a 28 m3 vacuum
vessel equipped with a 359 diffusion pump and mechanica
roots pump. At a xenon gas flow rate of 17 sccm, the m
sured background pressure was about 17mtorr that corre-
sponds to the pumping speed of 12 000 l/s for xenon.
research grade xenon gas was supplied to both thruster
cathode. Gas flow rates were measured with two Millipo
FC-260 controllers, which, in addition to a manufactur
were periodically calibrated during the experiments by
volumetric method. The main thruster discharge was s
ported by a 1 kV dcvoltage regulated switching power sup

FIG. 3. Magnetic field simulations of the laboratory thruster.

FIG. 4. Radial magnetic field in thruster channel.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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ply. Additional voltage regulated and current regulat
power supplies were used for the cathode preheating, e
tromagnetic coil bias and probes.

IV. REVIEW OF HALL THRUSTER DIAGNOSTICS

The distribution of ions outside the thruster is a re
tively easy measurement. In our case, the angular ion
distribution was measured by a flat Langmuir probe rota
from 290° to 90°, along the circle with a radius of 30 c
from the center of the thruster exit. The probe position w
measured with a potentiometer. For most operating regim
the probe characteristics exhibit ion saturation current a
bias voltage of230 V.15 The integrated flux distribution
gives the total ion current, and the propellant and curr
utilization. The plume angle is taken to encompass 90%
the total flux.

Integral thruster measurements include dc and ac
charge characteristics, flow rates, and the thrust. Dyna
behavior of the thruster including discharge current and v
age oscillations were monitored by digital PC based osci
scopes. The thrust was measured with a pendulum
thrust stand, which has a thrust resolution of 0.5 mN.15 The
thruster efficiency,h5T2/2mPe is deduced from thrust,T,
mass flow rate,m, and input power measurements. It is co
rected for background pressure, which increases the app
flow rate by introducing additional gas into the thruster.

The most difficult measurement is the plasma poten
inside the thruster. This can be done with cold probes pla
along the outer wall of coaxial channel.16 However, deducing
plasma behavior from the near wall potential is complica
by sheath and pre-sheath phenomena.

Alternatively, a movable probe can be immersed ins
the thruster.17–19 The drawback of this technique is stron
discharge perturbations induced by the probe, possibly du
ablation of the probe.19 The discharge current jumps typ
cally to 100%–200% of its magnitude with no probe,18,19

making it difficult to draw conclusions. However, recentl
by reducing the residence time of the probe immersion
about 0.1 s, perturbations of the discharge current have b
reduced to less than 15%.19

To accommodate a drifting plasma potential, emiss
probes can be employed.20 The probe is typically a hot loop
shaped filament. Strong emission from the filament supp
electrons to the surrounding plasma until a potential diff
ence between disappears. Thus, the ideal floating emis
probe can be a convenient tool to measure the plasma po
tial with no bias and other difficulties associated with
interpretation of cold probe characteristics.20,21However, the
difference in the temperatures of the electrons from the
probe, Tec,0.3 eV and plasma, for Hall thrusterTeh

;10– 20 eV, leads to a formation of a double layer, wh
limits the emission current from the hot floating probe
space charge.20,22 The floating potential measured by a
emissive probe is then still less than the plasma potential,
obviously larger than the floating potential of the cold pro
Dw f l5wp2w f l50.5Te ln(Mi /2pme). In Ref. 22, consider-
ing the case ofTec!Teh and taking into account that some
the plasma electrons can penetrate through the double
Downloaded 17 Jan 2006 to 192.55.106.171. Redistribution subject to AIP
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to the probe, the ratio between the floating potential of
emitting probe and the electron temperature,Dw f l

50.95Teh was obtained by solving the Poisson’s equati
with the zero current condition. This solution works well
the magnetic field is normal to the probe surface. Howev
the magnetic field distribution in Hall thrusters is not un
form and may be oblique or even parallel to the emitti
surface.

In the experiments described here, we used a fast m
able emissive probe to measure the profile of plasma po
tial inside the thruster~Fig. 5!. The emissive probe was fab
ricated from a 0.25 mm diam thoriated tungsten wire, wh
was electrolytically etched23 along about a 5 mmregion to a
diameter of about 0.1 mm. In addition to a lower work fun
tion, thoriated tungsten has a lower evaporation rate t
does pure tungsten, something useful for long-time thru
experiments. The probe filament was looped at the pl
with the small wire diameter. Larger diameter conduc
ends were inserted in a double bore alumina tubing of
mm diameter. The 150 mm length of the tubing allows pro
measurements along the whole thruster channel~40 mm!,
while keeping the main probe setup far away from t
thruster exit. The probe heating was by a dc power supp

The probe tubing is fixed in an aluminum arm connec
to the positioner setup. This setup consists of a Normag
ear motor with a maximum speed of 1 m/s, assembled o
relatively slow Velmex linear gear motor. The fast position
provides a fast probe motion in the axial direction, at diffe
ent radial location maintained by the Velmex motor. T
axial position of the probe was measured from the outpu
its negative feedback sensor with a resolution of 0.05 m
while the radial location was derived from calibration plo
measured at different motor speeds.

Note that B;0.01– 0.015 T~see Fig. 3!, so assuming
net;106 m/s, the electron Larmor radius is larger than 0
mm in the whole channel volume, but smaller than 1.5 m
near the inner wall of the coaxial region. Hence, the cera
tubing may induce plasma perturbations, as it moves thro
this region. However, employing a thinner probe is ma
difficult both because of Joule heating and mechan
strength. Results of Ref. 19, conducted at larger magn
fields and larger plasma densities, but with probes simila

FIG. 5. Schematic of the fast emissive probe setup.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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sizes, indicated no significant perturbations of the plas
discharge.

The probe potential relative to the cathode, heat
power, position output, and discharge current can be m
tored simultaneously by a PC-based data acquisition.
total residence time of the probe inside the thruster chan
measured with and without thruster operation is less t
0.2 s. In addition, the residence time in the region of a stro
magnetic field is 0.1 s. It should be enough to prevent o
least significantly reduce effects associated with pro
ablation.19

V. EXPERIMENTAL PROCEDURE

The cylindrical Hall thruster was operated in a bro
operating regimes: discharge voltage of 100–300 V and fl
rates of 10–30 sccm. The procedure of thruster operation
measurements was as follows: After the thruster start-up
thermal steady state~0.5–1 hour!, a desired operating regim
was maintained by varying the discharge voltage, mass fl
rate, and the magnetic field. Then, the thrust, traces of
charge oscillations, and angular ion flux distribution we
measured. After that, the fast probe was introduced to
thruster channel, first near its outer wall with no heating a
then, with gradually increased heating. At a certain pow
level, the probe reached saturation values of its floating
tentials along the whole travel way. Keeping this power co
stant, the measurements of plasma potential distribution w
repeated a few times to characterize their reproducibil
After that, the heating was gradually turned off and the pro
position was changed in the radial direction. In general
various operating regimes this procedure was repeate
three of four radial positions of the probe.

Figure 6 shows the probe and discharge current beha
versus the probe position measured by a data acquis
system with a sampling rate of 18 000 samples/s atVd

5220 V and mass flow rate of 1.3 mg/s. Here, the rad
position of the probe was near the median of the coaxial

FIG. 6. Plasma potential and discharge current versus probe position a
the thruster median. The results were measured in two different sets of p
immersion at a discharge voltage of 200 V and the anode mass flow ra
1.3 mg/s. Reproducibility of plasma potential measurements is within65 V,
with the probe in the cylindrical part of the channel. Probe induced per
bations of the discharge current are significant only in the coaxial part o
channel.
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of the channel. As can be seen, the use of the fast probe
a reasonable residence time, did not eliminate strong pe
bations of the discharge current, which are about 50–10
of its steady-state value. These perturbations grow rapidl
the probe reaches the region of the coaxial channel wit
strong magnetic field. In some probe measurements, as
discharge current approached a current limit of the m
power supply, it switched from the voltage regulated to
current regulated mode of operation or oscillated betw
these two modes. As a result, the applied discharge vol
dropped causing a lower plasma potential measured in
coaxial region~Fig. 7!. As the probe is removed from thi
region back to the cylindrical part of the channel, the pow
supply usually returned back to a stable voltage regula
mode.

Interestingly, while a ceramic tube without a probe w
immersed in the channel, the same amplitude perturbat
of the discharge current persisted. Hence, the source of t
perturbations may not only be the probe filament emitt
electrons.19 In any event, since probe immersion well insid
the cylindrical channel did not produce discharge curr
perturbations, we will confine our analysis of plasma pote
tial measurements to this particular region.

All potential profiles presented below do not take in
account the difference between the measured floating po
tial of the emissive probe and the plasma potential due
double sheath effect;0.95Te. In addition, the measured
potentials have uncertainties due to a voltage drop produ
by a dc heating current across the probe filament. As a re
the measured potential includes the potential difference
tween the probe and a reference electrode and this vol
drop. In the experiments described below, this voltage d
was not larger than 5 V, while at different probe positions
the thruster channel, the total probe potential relative to
cathode was changed from about 30 V–50 V at the thru
exit to almostVd upstream of the channel.

ng
be
of

r-
e

FIG. 7. Plasma potential profiles along the median of the cylindrical thru
at different discharge voltage and xenon mass flow rate of 1.3 mg/s thro
the anode.
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VI. EXPERIMENTAL RESULTS

Plasma potential profiles are shown in Fig. 7. This re
resentative data was measured by the emissive probe i
duced to the channel along the median at different discha
voltages and a constant anode mass flow rate of 1.3 m
The voltage drop is localized mainly to the cylindrical part
the channel whereb/L is effectively large. Thus, the ion
acceleration mainly takes place in this region. Note that
the discharge voltage is increased, the acceleration re
moves towards the thruster exit, but it is still in a stro
magnetic field~see Fig. 4!. Note that the magnetic field i
increased with the discharge voltage, roughly asVd /B2, to
keepleff;constant. We might speculate that the increase
the discharge voltage increases the electron tempera
Then more ionizing collisions can take place downstream
the thruster channel with an increased magnitude of the m
netic field. The length of the accelerating region is similar
that in conventional thrusters, 1 cm, but the fraction of
voltage drop outside the cylindrical thruster is relative
smaller.18,19

Illustrative curves of the discharge current versus
magnetic field at various mass flow rates and at a disch
voltage of 250 V are shown in Fig. 8. Here, by varying t
electromagnet coils currents, we changed both the magn
field and its distribution. Since the magnetic field imped
the axial electron current, the discharge current is lowered
higher magnetic fields. However, above a certain value of
magnetic field, the discharge current increases. In conv
tional Hall thrusters, this behavior is usually accompanied
growing low frequency discharge oscillations. In Refs. 1 a
24, these oscillations were attributed to ionization instab
ties, which appear because of depletion of neutral atom
the ionization and acceleration region. Their characteri
frequency is roughly asna /leff;20– 30 kHz.1

Interestingly, we did not observe such oscillations
most operating regimes of the cylindrical Hall thruste

FIG. 8. Discharge current for different magnetic configurations. Curr
variations in the electromagnet coils, external and internal, change bot
magnetic field magnitude and its distribution in the channel.
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Figure 9 shows examples of spectra measured with coa
and cylindrical Hall thrusters operated at 250 V and 2 mg
Note that the cylindrical thruster is relatively quiet. This su
prising result, which is not really understood, may indica
electron transport towards the gas distributor~anode!, en-
hanced in the cylindrical thruster case by the presence
stronger axial magnetic field. On the other hand, an incre
of the current in the external electromagnet coil above
optimal value may still cause low frequency oscillations
the cylindrical thruster. Note that a relatively large peak
these oscillations is at smaller frequencies;12 kHz~see Fig.
9!. We might speculate that the lower frequency of the
oscillations here, as opposed to coaxial thrusters, may
attributed to the acceleration region occurring in a wide
lindrical channel with diverging magnetic field lines. As
result, the effective length of the region, which should
filled with neutral atoms, becomes longer.

The effect of the magnetic field on the plasma poten
distribution is shown in Fig. 10. The current variations of t
external coil affect mainly changes in the potential distrib
tion near the channel walls. In particular, at the external c
current above its optimal value, the voltage potential dr
moves towards the anode at the inner wall. As a result
addition to the axial electric field, there appears a stro
radial field. The magnetic field lines, which intersect the a
ode, should be at the anode potential, pushing the ele
field downstream of the channel in the vicinity of the medi
and the outer wall. Thus, in addition to a strong radial el
tric field towards the thruster axis, this magnetic field dist
bution can also lead to the increased discharge current, w
was observed at large external coil currents.

In coaxial thrusters with concave magnetic fields, t
electron temperature leads to a radial electric field, produc
beam divergence. In cylindrical thrusters, the radial elec
field is already larger thankTe /e and so the beam diver
gence should be large. Figure 11 compares the angular
distribution measured with coaxial and cylindrical Ha
thrusters at 2 mg/s and 250 V. In most of the operat
regimes, the half plume angle from the cylindrical thruster

t
he

FIG. 9. Spectrum of oscillations in the cylindrical and coaxial Hall thruste
at a discharge voltage of 250 V and mass flow rate of 2 mg/s.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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not less than 60°, while in the coaxial thrusters it is typica
;45°–50°.14,15

The presence of a strong axial component of the m
netic field may lead to the larger discharge current, compa

FIG. 10. Plasma potential profiles measured at different magnetic fie
~a! optimal, corresponding to the minimum discharge current;~b! above
optimal.

FIG. 11. Comparison of angular ion flux distributions of the cylindrical a
coaxial thrusters at 30 cm from the thruster exit.
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d

to that of coaxial thrusters at the optimal magnetic field.
can be seen in Fig. 12, V–I characteristics of the cylindri
thruster are shifted towards the larger values of the discha
current. At mass flow rates of smaller than 2 mg/s, the d
charge current tends to increase with the discharge volt
while the propellant utilization is almost constant~Fig. 13!.
Since this increase of the discharge current is accompa
by a reduction of the current utilization efficiency~Fig. 13!,
it can be attributed to larger electron transport at larger d
charge voltages. The poorer propellant and current utiliza
leads to the lower thruster efficiency of the cylindric
thruster at the anode mass flow rates larger than 1.7 m
~Fig. 14!.

Interestingly, the cylindrical thruster can operate sta
and produce high ion flux at mass flow rates of less than
mg/s. In these regimes, we did not achieve steady-state
eration of the coaxial thruster. Also, although the cylindric

s:

FIG. 12. V–I characteristics of the cylindrical Hall thruster. Note compa
son to a 9 cmcoaxial Hall thruster at mass flow rates of 1.7 mg
and 2 mg/s.

FIG. 13. Propellant utilization,I i /I d , and current utilization,I i /I d of the
cylindrical thruster. Note comparison to the coaxial Hall thruster. The p
pellant utilization does not include the cathode flow rate of about 0.2 m
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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thruster has larger radial electric field, its propellant utiliz
tion is still high. Perhaps, a largeb/L ratio and the ‘‘hollow’’
anode effect due to the diverging magnetic field in the cy
drical part, allows for more ions to escape from the chan
without hitting the walls. Note that these results of the cyl
drical thruster were obtained at larger discharge voltages
higher mass flow rates than those reported for end-H
thrusters of comparable geometry.10,11

VII. CONCLUSIONS

Annular conventional Hall thrusters do not scale e
ciently to small sizes because of the large surface are
volume and the difficulty in miniaturizing the magnetic ci
cuit. In order to scale the Hall parameter small sizes call
impractical, higher magnetic fields. To overcome difficulti
in scaling down, we suggested and studied a Hall thru
with a channel featuring both coaxial and cylindrical regio

The plasma potential measurements with an emis
floating probe showed that a cusp type of the magnetic fi
distribution results in a significant accelerating electric fie
in a quasineutral plasma localized in the cylindrical part
the channel. In this case, the ionization of the propell
atoms remains at a relatively high level and, probably, ta
place mainly in the coaxial part of the channel with a sma
channel cross-sectional area. Due to a larger channel he
in the cylindrical part, the ions are able to escape from
channel without hitting the walls, producing a large plum
angle. The plasma potential distribution and discharge c
rent depend strongly on the magnetic field. The results in
cated an optimal magnetic field magnitude and distributi
which should minimize electron transport across the m
netic field. Interestingly, the effect of the magnetic field

FIG. 14. Thruster efficiency of the cylindrical thruster. Note comparison
the coaxial Hall thruster. The results do not include the cathode flow rat
about 0.2 mg/s.
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the discharge current is not associated with the large am
tude low frequency discharge oscillations, typically observ
in coaxial Hall thrusters.

Although, the 9 cm cylindrical thruster is not as efficie
as a 9 cmstate-of-the-art coaxial thruster, a scaled do
cylindrical thruster might be preferred over small coax
thrusters in which optimization of the magnetic field profi
is not feasible. This further scaling is a subject of ongoi
research.
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